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R E S E A R C H  A R T I C L E
Absolute choline tissue concentration mapping for prostate 
cancer localization and characterization using 3D 1H MRSI 
without water- signal suppression
























Methods: Eight	 prostate	 cancer	 patients	 scheduled	 for	 radical	 prostatectomy	
underwent	 multi-	parametric	 MRI	 at	 3	 T,	 including	 3D	 water-	unsuppressed	









better	 with	 the	 commonly	 used	 (choline	 +	 spermine	 +	 creatine)/citrate	 ratio	 	




and	absolute	metabolite	quantification.	 In	 this	way,	choline	 tissue	 levels	were	
identified	as	tumor	biomarker.	Choline	mapping	may	serve	as	a	tool	in	prostate	
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1 |  INTRODUCTION
Prostate	 cancer	 (PCa)	 is	 the	 second-	most	 commonly	 oc-
curring	 cancer	 in	 men.1	 In	 the	 diagnosis	 of	 PCa,	 multi-	
parametric	 MRI	 (mpMRI)	 together	 with	 scoring	 by	 the	
Prostate	 Imaging	 Reporting	 and	 Data	 System	 is	 now	
widely	applied.2	Among	the	MR	techniques	that	can	de-
tect	 cancer	 in	 the	 prostate	 and	 assess	 its	 aggressiveness	
is	 1H	 MRSI	 by	 which	 the	 distribution	 of	 metabolites	 in	
prostate	 tissue	 can	 be	 measured.3-	5	 Typical	 metabolites	
assessed	 by	 MRSI	 are	 choline,	 spermine,	 creatine,	 and	
















tabolite	 peaks.	Therefore,	 often	 a	 separate	 MRS	 data	 set	
without	suppression	of	the	signal	of	water	is	acquired	to	
obtain	this	signal,9	but	this	is	prone	to	movement	artifacts	
and	at	 the	expense	of	extra	 time,	precluding	 its	applica-
tion	 in	 MRSI,	 and	 thus	 rarely	 used	 in	 a	 clinical	 setting.	
Applying	 additional	 RF	 pulses	 for	 water	 signal	 suppres-























they	 may	 significantly	 contribute	 to	 the	 spectral	 region	
with	 metabolite	 peaks,	 with	 similar	 magnitude	 as	 these	
peaks,	and	therefore	have	to	be	removed	or	circumvented	
to	 exploit	 the	 full	 advantages	 of	 water-	unsuppressed	
MRS.10	An	additional	potential	problem	is	the	tail	of	the	
water	resonance	extending	into	this	spectral	region,	which	
may	 hamper	 quantification	 of	 metabolite	 signals,	 and	
therefore	needs	to	be	properly	amended.










The	 principle	 aim	 of	 this	 study	 was	 to	 develop	
water-	unsuppressed	3D	MRSI	of	the	prostate	with	post-	
acquisition	removal	of	the	water	signal	and	its	artifacts	
(sidebands	 and	 baseline)	 and	 to	 validate	 its	 value	 in	 a	
number	 of	 prostate	 cancer	 patients.	 The	 water	 signal	
extracted	 from	 the	 raw	 data	 was	 used	 to	 improve	 the	
quality	 of	 the	 spectra	 and	 as	 an	 internal	 reference	 for	
absolute	metabolite	quantification.	Subsequently	 tissue	
concentration	 maps	 of	 choline,	 a	 positive	 cancer	 bio-
marker,	were	generated	 for	 localization	and	characteri-
zation	of	prostate	tumors.	The	diagnostic	value	of	these	
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absolute	quantification,	choline,	1H	MR	spectroscopic	imaging,	prostate	cancer,	water	signal
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2 |  METHODS
2.1 | Subjects and histopathology
In	this	study,	8	patients	were	 included	who	were	sched-
uled	 for	 a	 radical	 prostatectomy	 procedure.	 Ethical	 ap-
proval	was	obtained	 from	the	“Concernstaf	Kwaliteit	en	
Veiligheid,	Commissie	mensgebonden	Onderzoek”	Regio	
Arnhem-	Nijmegen	 (Netherlands).	 All	 participants	 pro-
vided	prior	written	informed	consent.	After	the	MRI	and	
MRSI	 examination,	 the	 prostate	 of	 the	 patients	 was	 re-
moved	by	radical	prostatectomy.	Thereafter,	the	prostate	
was	 fixated	 in	 formalin	 and	 serially	 sectioned	 at	 4-	mm	
intervals	 into	 full	 axial	 slices	 for	 hematoxylin	 and	 eosin	
staining.	 A	 pathologist	 delineated	 the	 regions	 of	 tumor	
and	 performed	 major	 and	 minor	 grading	 for	 Gleason	
scores.20,21	 The	 histopathology	 data	 were	 used	 as	 a	 gold	
standard	 for	 interpretation	of	 the	MRS	data.	Tumor	 foci	




2.2 | Magnetic resonance data 
acquisition
All	 measurements	 were	 performed	 on	 a	 3T	 MR	 system	
(MAGNETOM	 Trio;	 Siemens	 Healthcare,	 Erlangen,	
Germany)	 with	 a	 body	 coil	 for	 transmission	 and	 an	 en-
dorectal	coil	(MEDRAD,	Pittsburgh,	PA)	for	signal	recep-
tion.	 The	 patients	 were	 subjected	 to	 a	 standard	 mpMRI	
exam	including	T2-	weighted	imaging,	DWI,	and	dynamic	
contrast-	enhanced	MRI.
For	 water-	unsuppressed	 3D	 MRSI	 of	 all	 patients,	 we	
used	 a	 semi-	LASER	 sequence	 with	 MEGA	 pulses,	 in	




TR	 =	 1.35-	2.1	 seconds,	 vector	 size	 =	 2048,	 and	 spectral	






2.3 | Voxel selection

























2.4 | Processing of water- unsuppressed 
1H MRSI of the prostate
To	process	water	signal–	unsuppressed	3D	1H-	MRSI	data	




The	 flow	diagram	 in	Figure	1	gives	an	outline	of	 the	
pipeline	applied	to	obtain	metabolite	concentrations	from	





Then,	 as	 FIDs,	 the	 spectral	 signals	 were	 filtered	 using	
maximum	 overlap	 discrete	 wavelet	 transforms	 (step	 3).	
Filtered	 components	 were	 restructured	 and	 combined	
to	 make	 a	 low-	pass-	filtered	 FID	 of	 the	 water	 signal	 and	
an	 FID	 containing	 this	 water	 signal	 and	 the	 metabolite	
signals.	This	separate	“water”	FID	is	 then	used	 for	eddy	
current	 and	 phase	 correction27-	29	 of	 the	 “water	 and	 me-
tabolites”	FID	(step	4).	Subsequently,	 the	metabolite	sig-
nals	 are	 fitted	 with	 model-	metabolite	 signals,	 assuming	
the	water	line	shape	(step	5).	Subtracting	these	fitted	me-
tabolite	 signals	 and	 the	 separate	 water	 signal	 from	 the	
modulus	of	the	water	and	metabolites	spectra	provides	a	
baseline	(step	6)	that	is	smoothed	with	a	discrete	wavelet	
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phase	 and	 eddy	 current	 correction	 is	 then	 reapplied27-	29	
using	 the	 full	 water	 signal	 (step	 9).	Then	 this	 water	 sig-
nal	is	subtracted	from	the	phase-	corrected	and	frequency-	
corrected	data	set,	and	the	modulus	signal	is	selected	(step	
10).	The	 modulus	 spectrum	 halves	 the	 amplitude	 of	 the	
metabolite	 signals	 but	 cancels	 the	 symmetrical	 acoustic	
ringing	from	the	water	signal	leaving	just	the	metabolite	
resonances.	 After	 automatic	 spectral	 quality	 control,25	
the	 metabolite	 peaks	 are	 fitted	 using	 the	 line	 shape	 of	
the	full	water	signal	(step	11).	The	integral	of	this	signal	
is	 then	used	as	a	concentration	 reference	 to	calculate	 in	
vivo	metabolite	concentrations	(step	12).	A	more	detailed	
description	of	 the	postprocessing	pipeline	 is	provided	 in	
Supporting	Information.
2.5 | Determination of absolute choline 
tissue concentration with T1 and T2 
relaxation correction
Absolute	choline	 tissue	concentrations	were	determined	





























2.6 | Choline mapping, voxel selection of 
tumor and normal prostate tissue, and 
statistical analysis
Absolute	 choline	 tissue-	concentration	 maps	 were	 gen-
erated	 from	 the	 1H-	MRSI	 data	 set	 of	 each	 patient.	
Subsequently,	MR	spectra	were	selected	from	voxels	com-














3 |  RESULTS
Proton	MR	spectra	of	 the	prostate,	obtained	with	a	 semi-	
LASER	 3D-	MRSI	 sequence	 without	 water	 signal	 sup-
pression,	 are	 dominated	 by	 the	 resonance	 of	 water,	 as	
demonstrated	for	voxels	in	a	transversal	slice	(Figure	2A-	D).	
After	zooming	in	on	the	spectral	range	from	2.3	to	3.3	ppm	




panels)	 and	 further	 expansions	 of	 the	 2.5-	3.5-	ppm	 region	
(bottom	panels)	for	voxels	from	the	peripheral	zone	(blue)	
and	transition	zone	(red,	orange).
To	 remove	 the	 water-	signal	 contributions	 from	
these	 MR	 spectra,	 which	 were	 acquired	 without	 water-	
suppression	 pulses,	 we	 developed	 a	 postprocessing	
protocol	as	described	in	section	2	and	illustrated	in	Figure	1.	
Examples	 of	 MR	 spectra	 from	 a	 single	 voxel	 obtained	
along	 this	 processing	 pipeline	 are	 shown	 in	 Figure	 3.	 A	
spectrum	 obtained	 after	 zero-	order	 phase	 correction	 of	































on	 the	T2-	weighted	 image	 of	 a	 transversal	 slice	 through	
the	prostate,	 three	separate	voxels	were	selected:	a	voxel	
in	 benign	 tissue	 (yellow),	 one	 at	 the	 edge	 of	 the	 tumor	
(red),	and	one	in	the	tumor	(blue).	The	corresponding	MR	
spectra	of	these	voxels	with	fits	of	the	methyl	proton	res-











T2-	weighted	 MRIs	 and	 ADC	 maps	 from	 DWIs	 from	 the	
same	prostate	position,	along	with	a	corresponding	axial	
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slice	through	the	prostatectomy	specimen.	The	results	for	
the	 prostates	 of	 3	 patients	 with	 high,	 intermediate,	 and	
low-	risk	cancer	lesions	are	shown	in	Figure	5	with	the	lo-
cation	of	 the	 tumor	 foci	 indicated	on	 the	histopatholog-
ical	slices.	In	all	cases,	the	voxels	with	increased	choline	
tissue	 levels	 colocalized	 with	 a	 significant	 tumor	 focus	































4 |  DISCUSSION
In	 this	 paper	 we	 report	 the	 first	 successful	 performance	
of	 3D	 1H	 MRSI	 of	 the	 prostate	 without	 using	 water	 sig-
nal	suppression	or	circumventing	pulses.	To	remove	the	
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water	 signal	 and	 its	 sidebands	 from	 the	 MR	 spectra,	 we	
developed	 an	 effective	 post-	acquisition	 pipeline	 includ-
ing	wavelet	transform,	peak	alignment,	and	phasing	and	
modulus	selection.	The	quality	of	spectra	from	voxels	was	
improved	 by	 convolving	 the	 spectra	 with	 the	 line	 shape	
of	 the	 water	 signal	 in	 the	 same	 voxels.	 In	 this	 way,	 we	
obtained	 MR	 spectra	 throughout	 the	 prostate,	 showing	
signals	 for	 choline,	 spermine,	 creatine,	 and	 citrate	 with	
sufficient	 resolution	 to	 be	 analyzed	 separately.	 Because	
the	extracted	water	signal	can	be	used	as	a	voxel-	selective	




















side	 bands	 include	 J-	resolved	 MRS,11	 long-	TE	 MRSI,18	
and	two	MRS	scans.17,19,34,35	We	have	refrained	from	these	
methods,	 as	 their	 MRSI	 application	 in	 the	 prostate	 may	
suffer	from	long	measurement	times,	too-	long	TE,	and/or	














selection	is	 the	theoretical	 loss	 in	SNR	of	the	metabolite	
signals	up	to	a	factor	of	√2.	However,	as	shown	in	previous	
studies,	there	is	little	if	any	loss	in	SNR	due	to	the	noise	
distribution	 in	 the	 modulus	 signal	 and	 other	 corrective	



























T A B L E  1  Absolute	tissue	levels	of	choline	(mM)	and	the	(choline	+	spermine	+	creatine)/citrate	ratio	in	benign	and	tumor	areas	for	all	
patients	(P1-	P8)
Patient
Choline (mM; mean ± 
SD) CSC/Cit (mean ± SD) Number of voxels
Gleason scoreBenign Tumor Benign Tumor Benign Tumor
P_1 3.6	±	0.1 6.2	±	0.1 0.34	±	0.06 0.66	±	0.03 149 7 2	+	3	=	5
P_2 2.4	±	0.2 9.3	±	0.6 0.35	±	0.18 0.8	±	0.34 368 21 3	+	4	=	7
P_3 2.9	±	0.2 4.8	±	0.4 0.41	±	0.09 1.23	±	0.29 210 10 3	+	3	=	6
P_4 4.5	±	0.3 8.6	±	0.5 0.39	±	0.12 1.2	±	0.49 259 8 3	+	4	=	7
P_5 3.6	±	0.2 7.1	±	0.4 0.35	±	0.05 0.89	±	0.09 99 10 4	+	3(+5)	=	7	+	5
P_6 3.9	±	0.2 7.4	±	0.3 0.3	±	0.05 0.84	±	0.08 185 16 3	+	4(+5)
P_7 4.4	±	0.2 7.6	±	0.2 0.36	±	0.06 0.66	±	0.08 336 8 4	+	3(+5)	=	7	+	5
P_8 3.6	±	0.2 6.8	±	0.2 0.5	±	0.16 0.79	±	0.1 316 20 3	+	3	=	6
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would	appear	at	 shorter	TE,	 this	mirroring	problem	can	
be	 mitigated	 by	 the	 procedure	 described	 in	 Le	 Fur	 and	






signal	 is	 obtained	 without	 the	 need	 for	 any	 additional	
measurement.	 This	 water	 signal	 can	 be	 used	 as	 an	 in-
ternal	 reference	 for	 various	 purposes	 such	 as	 metabo-
lite	 line-	shape	 distortion	 correction,	 absolute	 metabolite	
quantification,	 multicoil	 signal	 corrections,	 and	 in	 the	
case	of	single	voxel,	to	correct	for	motion-	induced	phase	
fluctuations	 between	 individual	 scans.36	 Moreover,	 in	 a	
non-	water-	suppressed	 1H-	MRSI	 approach	 with	 SPICE,	
the	water	signal	was	used	for	susceptibility	mapping.38	In	
our	study	we	used	the	water	line	to	correct	for	metabolite	
line-	shape	 distortions	 and	 for	 absolute	 quantification	 of	
choline	content	 in	the	prostate.	Acquiring	the	water	sig-
nal	 also	 provides	 a	 reference	 for	 removal	 of	 B0	 inhomo-
geneities	between	voxels,	 allowing	 for	more	proscriptive	
restriction	of	the	frequencies	for	the	fitting	of	model	me-
tabolite	 signals.	 Nevertheless,	 the	 overlap	 between	 the	
signals	of	spermine	residues	and	cholines	cannot	always	










value	 for	 the	 prostate	 water	 content.30,31	 For	 quantifica-
tion	in	tumorous	areas,	we	assumed	that	these	values	are	
not	different	from	those	in	benign	prostate	tissue,	except	
for	 the	T2	 of	 the	 water	 spins,	 which	 are	 lower	 in	 tumor	
tissue.32	 It	has	been	reported	that	 the	T1	values	of	water	
















apparent	 concentration	 of	 metabolites	 if	 not	 corrected	
for.	On	the	contrary,	proton	density	images	of	the	normal	




















Cho to CSC/C Cit to CSC/C Cho to CSC/C Cit to CSC/C
P1 0.78 −0.56 0.21 −0.59
P2 0.74 −0.61 0.23 −0.6
P3 0.77 −0.46 0.29 −0.54
P4 0.79 −0.67 0.2 −0.47
P5 0.94 −0.63 0.27 −0.58
P6 0.65 −0.48 0.22 −0.61
P7 0.76 −0.51 0.16 −0.56
P8 0.81 −0.61 0.11 −0.57
Mean	±	
SD
0.78	±	0.1 −0.57	±	0.08 0.21	±	0.06 −0.57	±	0.05
Note: Pearson	correlation	coefficients	and	Spearman’s	rank	correlation	coefficients	are	calculated	for	
choline	(Cho)	to	CSC/C	and	citrate	(Cit)	to	CSC/C	ratio,	respectively.














prostate	 metabolites,	 such	 as	 in	 the	 commonly	 used	
CSC/C	 ratio,	 but	 also	 as	 choline/creatine.3,5,8,44	 More	




prostate	 tumor	 tissue	 measured	 by	 in	 vivo	 MRS	 did	 not	
detect	an	increase.45	The	authors	used	single-	voxel	PRESS	
for	volume	selection	(TE	=	32	ms;	voxel	size	between	1.5	
and	4	cc)	and	suggested	 that	 this	 finding	may	be	due	 to	
bad	depiction	of	the	choline	signal.	In	contrast,	our	study	
demonstrates	that	mapping	of	absolute	choline	tissue	con-











In	 our	 study,	 the	 correlation	 with	 the	 CSC/C	 ratio,	
classically	used	to	identify	tumor	tissue	by	MRS,	was	bet-
ter	 for	 choline	 than	 citrate,	 indicating	 that	 the	 absolute	
choline	 level	 may	 be	 a	 better	 biomarker	 than	 that	 of	 ci-
trate.	 In	 healthy	 tissue,	 the	 CSC/C	 ratio	 has	 a	 stronger	
correlation	 to	 citrate	 than	 choline,	 suggesting	 that	 the	
ratio	 is	 more	 dependent	 on	 the	 former	 metabolites	 con-
centrations,	whereas	in	tumor	tissue	the	two	metabolites	








dependence	 on	 tumor	 volume,	 we	 hypothesize	 that	 the	
maximum	absolute	tissue	choline	concentration	could	be	
a	marker	for	tumor	lesions	with	a	Gleason	grade	5	com-
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SUPPORTING INFORMATION
Additional	Supporting	 Information	may	be	 found	 in	 the	
online	version	of	the	article	at	the	publisher’s	website.
FIGURE S1	 Screenshot	 of	 an	 in-	house-	built	 graphical	
user	 interface	 (GUI)	 tool	 to	 delineate	 voxels	 in	 prostate	
(left)	and	tumor	regions	(right).	The	GUI	provides	a	click-
able	MRSI	grid	to	select	voxels	while	viewing	correspond-
ing	 DWI	 (ADC),	 T2-	weighted	 MRI,	 and	 histopathology	
images
FIGURE S2	 A,	 Example	 of	 the	 final	 subtraction	 of	 the	
model	 water	 signal	 from	 the	 original	 data	 and	 conver-
sion	 to	 a	 modulus	 spectrum.	 The	 errors	 in	 subtraction	
of	the	water	signal	are	seen	as	a	ringing	around	4.7	ppm,	
but	 beyond	 this	 is	 a	 largely	 flat	 baseline	 of	 0	 amplitude	
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